Spin-Photon Entangling Diode 
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We propose a semiconductor device that can electrically generate entangled electron spin-photon 
states, providing a building block for entanglement of distant spins. The device consists of a p-i-n 
diode structure that incorporates a coupled double quantum dot. We show that electronic control 
of the diode bias and local gating allow for the generation of single photons that are entangled with 
a robust quantum memory based on the electron spins. Practical performance of this approach to 
controlled spin-photon entanglement is analyzed. 
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Many practical approaches to quantum communication 
and computation rely upon interfacing stable quantum 
systems, which provide a good quantum memory, with 
carriers of quantum information (optical photons) at the 
level of single quanta. One promising approach to quan- 
tum memory uses electron spins confined in semiconduc- 
tor quantum dots. Quantum dots in diode structures can 
also be used for creating devices with novel electronic and 
optical properties. In particular, the Coulomb blockade 
exhibited by quantum dots is being used in experiments 




c) E 



lation 



ng sin 



as well as for optical experiments such 



involving single charge and spin transport and manipu- 

Dptical expe 

as generation of single-photons H, H, @, 0] • Application 
of these systems for realization of quantum communi- 
cation and computation protocols is a vibrant area of 
research @, S Efl El E El, Ei | • 



20 40 60 

F[mY] 




In this Letter we propose and analyze a novel semi- 
conductor device in which an electrically pumped diode 
structure can combine controlled photonic interface with 
stable quantum memory. Such a device features purely 
electrical control over photonic and spin degrees of free- 
dom. Specifically we show that it can be used for con- 
trolled generation of entangled states between the fre- 
quency of an outgoing photon and the spin state of the 
electrons in a double quantum dot in the insulating layer 
of the diode similar to recent laser driven experiments in 
atomic systems 3, 16, 17 1. Using recently demonstrated 
techniques [l8| . the double-dot spin states can provide a 
robust quantum memory for long-term information stor- 
age, while outgoing photons can be used for probabilistic 
generation of long-distance entanglement in direct anal- 
ogy to approaches being explored for atomic systems [19( . 
Finally, when integrated with gate-controlled quantum 
dot systems [2(3], this device could also form a building 
block for scalable quantum computation. 

The basic idea of our approach can be understood by 
considering the semiconductor nanowire shown in Fig. 
Hk, in which a Coulomb-blockade double quantum dot is 
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FIG. 1: (color online). Diode structure, charge stability di- 
agram, and decay paths, a) The device consists of a dou- 
ble quantum dot within the intrinsic region of a p-i-n diode 
structure. A schematic band-edge diagram is shown below. 
The left hole state (gray) is assumed to be energetically out 
of reach, b) The stable charge configuration of the double 
quantum dot as function of the bias V and the local gate F. 
Colors denote the total number of charges, while the label- 
ing (n, m) corresponds to the number of electrons on the left 
(n) and right (m) dot, replaced by X~ for dots containing 
a negatively charged exciton consisting of two electrons and 
a hole. As discussed in the text, the charging sequence indi- 
cated by arrows preferentially initializes the dots in the state 
|l|,Xg^). c) Initial and final states for excitonic recombi- 
nation together with the polarization of the emitted photon. 
The desired decay processes (shown in black) are selected by 
filtering <r_ polarization. 



sandwiched between the positively and negatively doped 
semiconductor regions, forming a p-i-n diode. By manip- 
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ulating the bias across the diode and the local gate, we 
can control the injection of electrons and holes into the 
double dot at the level of single charges. This allows us 
to electrically prepare a metastable exciton complex that 
decays by electron-hole recombination to a charge con- 
figuration with a single electron in each of the two dots. 
When the two-electron spin states are split by the ex- 
change coupling, the left circularly polarized photon that 
is emitted under the electron-hole recombination process 
will be frequency-entangled with the spin state of the 
remaining electrons (Fig. [Tt). 

Double quantum dots can be grown inside p-i-n junc- 
tions with techniques similar to those recently used to 
fabricate single quantum dot nanowire LEDs 2l|, [22J . Al- 
ternatively self-assembled dots on wafers can be used [23| . 
As illustrated in Fig. [IJl the chemical potentials of the p 
and n regions on each side of the central (intrinsic) region 
can be controlled by applying a bias across the device, 
while a gate electrode nearby the double dot can be used 
to tune the levels inside the dots independently of the 
applied bias. In what follows we focus on III-V semicon- 
ductors, but in practice other optically active materials 
can be used. 

The electrostatic properties of the device can be visual- 
ized by using a charge stability diagram [13] • We describe 
the charge degrees of freedom of the double quantum dot 
using the Hamiltonian 
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H hh + H eh+ H t + H F , (1) 



where the Coulomb repulsion between similar charges 
(q = e, h) on the left or right dot reads H qq = U qq h q (h q — 
l)/2, s — l,r, while the Coulomb attraction between elec- 
trons and hole in the right dot reads H r eh = —U e hfi r e h r h . 
Here ^(h) * s ^ e °P era tor for the number of electrons 
(holes) in the left {right} dot. Tunneling between the 
dots with tunnel coupling r is contained in the term H T , 
while Hp = —eF(fi r h — n r e ) incorporates the shift of the 
electron and hole states in the right dot due to the local 
gate F. Electrons with spin a = ±1/2 on the left and 
right dots are created by c\ a and c\ a , respectively, while 

heavy holes in the right dot are described by d r s , with 
£ = ±3/2. The hole states of the left dot are assumed 
to remain unoccupied due to band-gap differences be- 
tween the two dots, which can be induced, e.g., by strain. 
Electrons are injected into the left dot from the electron 
Fermi sea in the n-region at chemical potential fi n , while 
holes are injected into the right dot from the hole Fermi 
sea in the p- region at chemical potential fi p . Assuming 
weak coupling to the electron and hole Fermi seas, we 
solve numerically the master equation for the probability 
of occupying the different many-body eigenstates of the 
double dot and find the stable charge configurations for 
the chosen parameter range. 

In Fig. QJ> we show the resulting charge stability dia- 
gram, where the total number of charges on the double 



quantum dot is given as function of the bias across the 
device V and the local gate F. Here, //„ = fj^ + eV/2 and 
(x p = [J,® — eV/2, where /i° and given by the doping 
levels of the n and p regions, respectively, determine the 
filling of the double dot without applied voltages. In the 
numerical calculations, the values of and yPh were use d 
to fix the occupations of the dots at V, F = 0. For the 
shown charge stability diagram we have used U ee ~ 30 
meV, Uhh — 50 meV, U e h — 40 meV, r = 1 meV, and the 
tunnel couplings to the electron and hole Fermi seas being 
identical and much smaller than the temperature T = 4 
K. With a given setting of V and F the system rapidly 
reaches the corresponding stable charge configuration. 
On the figure we also indicate the charge configuration 
of each of the two dots, where the labeling (n, to) refers 
to the charges on the left dot (n) and the right dot (to), 
respectively. For configurations with no holes, the two 
labels correspond to the number of electrons in the left 
and right dot, respectively, while the symbol X~ denotes 
a negatively charged exciton consisting of two electrons 
and a hole. Such excitonic states have previously success- 
fully been generated and controlled optically (25l . [2r3 | , but 
the procedure presented here works all electrically and 
thereby does not require any laser control. An external 
magnetic field B is applied to the system parallel to the 
light emission and growth axis (the z-axis on Fig. Hk), 
i.e., in a Faraday configuration. In order to have reliable 
electron spin state preparation, we will require the Fermi 
seas to be sufficiently cold: ksT <c \g* hbB\ (see below). 

We now describe the charge injection sequence indi- 
cated by arrows in Fig. []J>. The sequence allows us 
repeatedly to prepare a desired spin and charge con- 
figuration, by injecting charges one at a time, and di- 
rect its decay and corresponding photon emission pro- 
cess. We assume that single charges may be injected 
faster than the spontaneous decay time (~ 1 ns for GaAs 
self- assembled quantum dots). By controlling the bias 
V and the local gate F, the system is first put in the 
charge configuration (0,2). The expected ground state 
spin configuration of this state is a singlet due to the 
tight confinement of the two electrons to a single dot: 
10,25") = 4, T 4j°)- After preparing the 10,25) state, 
an additional spin-up electron is added to the left dot 
by increasing the bias, taking \Q,2S) to |1 1,2S) = 
cj*c r |Cr . |0). A heavy hole with spin £ =-!)■ is now added 
to the right dot by control of the local gate, yielding the 
state |1 1,Xgy) = dj^c|^.c^c^|0), which we expect to 

decay to |1 1,1 J.) = c|*cj ,|0) via excitonic recombi- 
nation (d r ^c r ^). However, before recombination takes 
place we rapidly (i.e., faster than the decay rate) move 
to the region, where (1, 1) is the stable charge configu- 
ration, hereby preventing emission of more than a single 
photon (by re-filling of an electron and a hole) in each 
cycle of the sequence. 



The exciton decay couples the state |1 \,X 
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|1 j, 1 I). With finite tunnel coupling between the left 
and right dots, this may be written as a superposition 
|1 T, 1 1) = (1(1,1)5) + |(l,l)T ))A/2, of the exchange- 
split singlet and triplet eigenstates |(1, 1)S(T )) = 

2_1/2 ( a l T a r .1 ± 4,i d t,l)\°)- Since S and T o have different 
energies, the frequency of the outgoing photon will be 
entangled with the spin state (see Fig. [Tfc and Eq. (|2|) 
below). These S-T spin states were used in recent dou- 
ble dot experiments where it was shown that they form 
a decoherence free subspace when manipulated with fast 
spin-echo pulses [I, 27, 28|. With the system in Faraday 
configuration the spin of the hole determines the polar- 
ization of the emitted photon. While a spin--|| heavy-hole 
recombines with a spin-| electron under emission of a left- 
hand circularly polarized (er_) photon, a spin-ff heavy- 
hole recombines with a spin-| electron under emission of 
a right-hand circularly polarized (o + ) photon. By suit- 
able polarization filtering it is thus possible to exclude 
photons that have been emitted with the heavy-hole in- 
correctly being in the spin-f|- state. 

The resulting spin-photon entangled state can be used 
for generating spin-spin entanglement between two re- 
mote devices by interfering the emitted photons on a 
beam splitter as shown in Fig. [2^ [1^] . If the spin state 
in both devices are identical, both incoming photons 
can be mode matched in space, frequency, and time, 
so that Hong-Ou-Mandel bunching will occur, leading 
to photon detection in only one arm of the beam split- 
ter. On the other hand, if the spin states are differ- 
ent, the photons are distinguishable, and no "bunch- 
ing" will occur. A photon detection in each arm of 
the beam splitter therefore leads to an entangled state 
of the spins in the spatially separated devices 1^12) = 
(\S)i\T ) 2 - \T ) 1 \S) 2 )/V2, where we have omitted the 
charge labeling (1,1). In the following we consider the 
distinguishability of our outgoing photons to determine 
the requirements for such entanglement generation. 

We first consider spontaneous decay associated with 
electron-hole recombination in a single device. The pro- 
cess can be described within the framework of Wigner- 
Weisskopf theory yielding a characteristic decay rate 7. 
We note that the ground state charge configuration (1,1) 
may also be reached by the electron-hole pair tunneling 
back into the Fermi seas with rate r o rather than re- 
combining. This does not impact the fidelity of entan- 
glement but does reduce the success probability. After 
spontaneous decay has taken place the combined state 
|$) (conditioned on electron-hole recombination) of the 
charges and the photon field reads 
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|S>®f(ws)|0) + |To)®e t (^T )|0) , ( 2 ) 



where ^ (iv) 

V2tt (u fc -w)-H7/2 



Efe£( w , fc )4 with £( w > fc ) = 

and at being the creation operator 
for photons of mode k. Here, |0) is the vacuum state 



of the photon field, while the position of the double 
quantum dot is zq, and tus and ujt denote the splittings 
between the excited state and the singlet and triplet 
groundstates, respectively, so that \u>s — <^t | equals 
the exchange coupling J. The width of the photon 
wavepacket is given by 7 = 7s + 7t + r o , and above 
we have taken the same rates for the two decay paths, 
7s = 7t, resulting in equal branching ratios for the two 
processes. 

We now consider to the beam-splitter setup depicted 
in Fig. [2^l and consider two photons emitted by similar 
devices. With probability 1/2 the two photons are in 
states corresponding to the same spin state of the elec- 
trons in the two devices (both singlet or both triplet) and 
with probability 1/2 in states corresponding to different 
spin states. The probability of detecting two photons, in 
states |* L ) = &(w L )\Q) and = £ r (uJr)\0), respec- 

tively, at different detectors (denoted L and R) after they 
have scattered on the 50/50 beam splitter is P(1l, lfl) = 
(1 - \J\ 2 )/2, where J = £ fc is the 
overlap of the wavepacket amplitudes. With u>l = 
and ujji = lut , we find 



(3) 



Typical electron-hole recombination rates are on the or- 
der of GHz, and the width of the wavepackets 7 therefore 
on the order of peVs, which is typically smaller than the 
exchange coupling J between electrons in tunnel-coupled 
quantum dots, which can reach values on the order of 
me Vs. Thus we expect P(1l,Ir) ~ 1/2 and a corre- 
sponding success rate of ?? 2 /4 for detecting the two pho- 
tons at different detectors, where 77 is the combined single 
photon emission and detection probability. 

Besides the success rate we need to consider the fi- 
delity T = 12 |/3 S 1^12) of the entangling procedure, 
where | \I/ 12 } is the desired state, and p s is the reduced 
density matrix for the spins in the two devices. The pos- 
sible error processes include wrong initialization of the 
spin states, jitter in the hole injection and path length 
differences leading to different arrival times at the beam 
splitter, and different energy splittings between the ex- 
cited state and the ground states in the two devices. To 
evaluate the effect of jitter and the different energy split- 
tings we write the full density matrix of the spins and 
photons as p — |$)i|$)22($|i($| where both |$)i and 
are of the form given in Eq. ([2]), but has a com- 
ponent on a field mode perpendicular to the field mode 
emitted by device number 1, i.e., for | < 35 > ) 2 , is replaced 
by J$ + a/I - \J\ 2 itrr- Here, |] rr creates a photon in 
an undesired mode due to the jitter and energy shifts, 
and J denotes the corresponding wavepacket overlap. 

Conditioned on clicks in different detectors after the 
beam splitter, we find that the erroneous field component 
generates the spin states |T )i|T ) 2 , \S) 1 \S} 2 , |T )i|5) 2 , 
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a) 
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FIG. 2: Beam splitter setup and entanglement fidelity, a) 
Photon interference leading to entanglement between two de- 
vices. The entanglement fidelity may be reduced due to dif- 
ferent arrival times r at the beam splitter, mismatch Su> be- 
tween energy splittings in the two devices, and incorrect spin 
initialization (not indicated), b) Entanglement fidelity T as 
function of temperature T and energy mismatch Suj. For the 
calculations we have used 7 X f = 0.03. In the white region 
T > 0.9. 



and |S)i|T ) 2 with equal probability (1 - | l 7| 2 )/(4 - 
SlJ'l 2 ). The fidelities corresponding to these states are 
0, 0, 1/2, and 1/2, respectively. The desired state 
(\S)i\T a ) 2 - \T )i\S) 2 )/V^ (with fidelity 1) is generated 
with probability | l 7| 2 /(4— 3 1 J7"| 2 ) . Combining these num- 
bers, we find the fidelity 1/(4 — 3|J7"| 2 ), which, however, 
does not yet include the possibility of wrong spin initial- 
ization. 

In thermal equilibrium the probability of initializing 
the wrong spin state | J.) in the left dot is given by the 
Boltzmann factor pj oc e~ 9 ^BB/2k B T _ \y ron g initial- 
ization of the spin in one or both of the devices leads 
to generation of states with fidelity 0. The probability 
of detection at different detectors due to a wrong spin 
in one or both of the devices is bounded from above by 
r) 2 (2pi — p 2 )/2, which we use in the following. Including 
this estimate for the effect of wrong spin initialization in 
the above expression for the fidelity, we find 
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4-3|J| 2 l + 2(2 Pi -p 2 )' 



(4) 



Two photons created by £'(u>) and ^ (uj + Suj) with a time 

difference r have the wavepacket overlap |J1 2 = -g^^s ■ 
For the time difference, we assume a Gaussian probabil- 
ity distribution with width f, V(t) oc e~( T / f ) 2 / 2 . This 
distribution is relevant when noise in the gates control- 
ling the hole injection is responsible for the photons being 
created at different times or when the optical paths do 
not have exactly the same length. When evaluating the 
fidelity we average the expression in Eq. (j4|) with respect 
to the Gaussian distribution. 

In Fig. we show the fidelity as function of temper- 
ature and energy mismatch. We see that with realistic 
parameters it is possible to obtain a high degree of fi- 



delity, T > 0.9, and even with temperatures comparable 
to the Zeeman energy, the fidelity may be larger than 
0.5, the lower bound for the use of entanglement purifi- 
cation protocols [3(|. Furthermore, the loss of fidelity 
due to time jitter or energy mismatch may be suppressed 
by gating the detectors in time, thereby improving the 
shown results. 

In conclusion, we have presented a proposal for an 
all-electrically controlled device for long-range electron- 
spin entanglement and shown that entanglement can be 
generated with a high degree of fidelity using available 
experimental techniques. When combined with existing 
quantum optical methods and solid-state technologies for 
electron spin manipulation and detection, our proposed 
device may form an important building block in future 
quantum communication and information processing ar- 
chitectures. 
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